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Theoretitxl analyaem ahowingthatturbine  opetratingtempera-
turea oan be greatly imreaeed by liquid oooling, partioularly if
material8 of high condmtivity are used, were verified by tempera-
ture measureanents on au alumimmblade at gas temperaturea up to
1925O F in a static heat-tramfer rig and by operation of a liquid-
oooled aluminum-alloy turbine wheel at inlet gae temperatures up
to 21CO" F a& ape&e up to 19,000 rpm. The turbine was operated
for a total of 92 hours without any meaeurable deterioration of the
blades. Further increaee In the maximum operating temprature
of the turbine was limited by the temperaturea of the unoooled
stator vanes, burnere, and ducting of the hot-gas system.

The reeulte of thie irmestigatlon ahow that a liquid-oooled
turbine wheel df a high-oonduotivity nonatrategio material, euch
as'alminum alloy, oanbe satisfactorily operated at gae tempera-
tures of at leaat 21CO" F.

A eubeta&ial imreaee in the power outpti of both turbojet
and turbine-propeller power plank canbe obtainedby increasing the
inletgastemperature. The fueleooquy oanaleo be improved, par-
tioularly in the turbine-propeller power plant, if higher ompreseion
ad. expmeion ratio8 aocw the increase in temperature.
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Turbine-inlet-e temperature i~limitedbythe atrengthat
high temperature of available materisle, Thistempererturelimithaa
been raised during the laet few yeare by the develwnt of better
materials but, comidering the past rate of pro-em, the large
ixmreaae inturbine operating temperature de&red inthe immediate
future cannot be attained with imprwemumt in material8 alone.

Theoretical azmlyeee presented in referemee I to 3 shaw that
liquid uooling permit8 a large imrease in turbine-inlet ~8 tern-
perature and th8t the uee of high-conduotivity material imreaaee
the effeutivenese  of ooollng. From theee analyeee, a combination
of liquid oooling with aluminum alloy ae the blade material seemed
Pro-eing. Alloys of alminum are not psrtiotxlarly heat reeletant,
but they do have high corduativity, are light In weight, have a
low ooet, are available, are eaeily fabrioated, alld have a char-
aoterletio of fanning durable oxide aoat- at high temperaturels.

A turbine with a liquid-oooled alminum-alloy wheel was deeigmd
on the baa18  of the data ~eeented in referencee I. to 3 and supple-
mentery data obtained fiuu a eingle water-oooled altsuintxm b&de in
a statlo heat-tramfer rig. In order to obtain experlmmtal reri-
fixation of the amlye in the stat10 rig ti to lmeetigate the
operation of the liquid-oooled turbiab wheel made of nonmtzategio
materialathigh  inletgaetemperaturee ~ncmmlturbine  ape&,
aninveetigatlonwae  oorductedatthe NACA Cleveland laboratory,
in whioh a liquid-cooled alminum-alloy turbine wheel wae operated
for the firat time onJanuary16, 1947%

Statio Heat-!Eranefer Rig

A single water-oooled aluminum blade 2.5 in&me high with a
Ghord length of 1.8 imhee wae plaued in the heat-tramfer rig
dmfnlnfigure 5 ofrefereme 4. Thermooouplee to meaeure blade-
mdaltemperaturewerelooated atthepointe shown lnthe~eoflombl
view of the blade inthe ineert of figure lina planeabout midway
between the tip aml the root of the blade. Thie rig was suitable
far operation at temperatures of about MOO0 F.

TurbineRig

Turbine. -Aturbinsw?melmae  built of US-TaluminumaXLoy
with a tip diameter of 12.06 in&me, a root diameter of 9.75 Inches,
amih~ving5O'impuleebladeetobe  operatedata tip epeed of
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1000 feet per eecoti. The blade8 CLnd the disk were integral. anb in
order to fa~ilitatema&i.uing,  theywere untaperedtiuere cutae
a eeriee of plane8 arxl oylindsre. Into eaah blade were drilled
four radial coolant holes a& two transfer holes to nuke possible
a foroed flow through the bladee. The outaide ende ofthe 300 molant
pamages were sealedwith earewed-in plugs.  The meet WpoHant
d3menelona  oftheturbinewheelardbladeeerre ahouninflgure  2.
Figure 3ie aview oftheturbinewheelircmthe l-edge ofthe
blades~ertheooorsntboleewerepluggedsldfigure4  ehowsthe
turbine-wheel& M 8eeePibl.y. Thep8thofoool8ntthroughthe
turbinemay be traced infigure 5. The oooling water entered the tur-
binewheelatthe oenterandflmed radiauy outward In the epse
betweentheturbine wheelaM the baffle plate, tboughthe two
coolant holee llgsreet the leading edge of the blade, aorofm the tip
ofthebladethrmghthe transferholee, radislly inwad through
the two holee near&et the trailing edge of the blade, azld out of
the wheel through the axial-dieohazge holee. The water was dis-
charge+ intoa oolleator formed by the innerwall ofthe exhaust
hoodfromwhiohitwaa  emptiedintothe gae mtmam.

For purpo8es ofeoononq, 8aue exigtingtquipm8xrtwaa used. The
rotating part8 of the turbine are designed to be used with the inlet

. collector nozzle ring,bearinge, oiling eyetem,andmainhoueing
of a emall oomneroialturbosuperehargerthathad  beenused for a
previous investigation. Thie unitwae aeeeuibled  ona apeoially eon-
atructed base designed to facilitate and maintain alinement between
the turbine (fig. 5) and a water brake to which it is connected
with a high-speed ooupling. The turbine ahaft,apart of the hot-
gas Syetmi, sld mO8t Of the inet??T.men~tiOn  Of the preViO128 setup
were u8ed. Border to preventair or gae flow throughtheturbine
main housing (fig. 5) with a reeultlng oontamination or loaa of
oil, a pressure eealwae addedtothe coupling end oftheturbine
and a connection was made to the exhaust duet so that the aame
pressure would exist at both ends of the main housing,

Hot-gal3 syetem. .- The iPauction syetem with the exoeption of the
burners waB also from the previous setup ad oonek&ed of an orifioe
tank to measure air flow, an air filter, two burners, and a straight
eection of pipe to allow thorough mixing of the pro&u&s of cc&u&ion
before they entere&the turbine. The tsro burner8 were found to be
suitable for operation up to about 2300° F, which produoed a ga8
temperature of slightly more than 21OOo F at the turbine inlet. The
turbine was e~~plied with room a,ir am% the er&met wae dieoharged
through an annular diaoharge duct into the laboratory law-preemre
exhauJ?lt eyetan.

.
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In8trurnentation, - Ertenaive in6trumentation  was not required
beoause the purpose of the investi&ion wa8 to determine whether
aturbinewithaluPPinumblade8  oould,withadequate  oooling,be
operated at high gas tmupemsturee.

Turbine-inlet pressure wa6 meaeured by a mercury mancxneter
oonneoted to a etatia-preeazrre ring, whioh wati inetalled on the
inletduot12 inohesahead oftheturbine inletcolleotor, Turbine-
erhaustprerilsurewasmeereurgdbyamerc~y nrar#sneter  conneoted to a
etatic-pressure  ring, whioh wae installed on the exhaust duet 36 inohea
down&ream oftheturbine.

.The inlet-air flow was measured with a miorcunanometer  conneoted
acro88  a IO-inuh plate OrifiOe in the brifioe tank. PI& flaW wa8
measured with rotameters.

Inlet gas temperature wae measured at the entrame  to the
turbine by triple-shielded ti by uaehfelded  ohrontel-altzu~l  thermo-
CW4ih38. Pipe-walltemp-arature YBE~e~  at various pointa to
be sure that the hot-gae dusting wae able to support the etreesea
impoeed upon It.

Coolant flow was measured  with a rotameter. ISlet a& outlet
o~~ttePnperaturewaePlgssuredwiththgrrmooo~lee. The thermo-
oouple  rueaauring  the disoharge  temperature of the water wae looated
ina stationary cup (fig. 5) into which a smell part of the water
leavingtheturblnewaathrown.

!Furbine epeed wae measured with an eleotrio tachometer Ltnd
oheoked with a olzronamgtrfo  taahcmeter.

A oryatal pi&up and an amplifier were used to avoid operation
at severe vibrating oondltions. .

For the last few hour8 of operation, eix thermooouplee were
installed ontheturbineb~eaandtesrrperaturewasreadbymeans
of a potentiometer through a slip-ring  aad brush eyetent. The
auourauy of this syetepn was eetimated  to be within rt20° F.

OPRRATIMJ PROCRWRR

L

At the beginning of eaoh run, the turbine wae brought up to
apeed for a few minutes with cold burnere to uheuk the bear-8 and
the general operating &araoterietice,
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Operating points were set at 8000, lO;OOO, 12,000, 14,000, 16,000
18,000, and 19,000 rpm with various measured teqperaturee ranging
fkom 800' to 2100° F. Speeds of approximately l3,OOO rppn were
avoided because the first critical speed ooourred at about this point
with no water in the turbine a.& at poInta f'ran 500 to 1000 rpm lower
with the cooling water flowing. For eaoh oombination of speed and
temperature, the ~eeeure ratio acroa8 the turbine was set aml the
gas masa flow through the turbine oheoked to assure a relative gas
velooity that would result in flow into the blades at an angle of
attack of 0' based on an aaeumed nozzle efficiency of SO peroent.
Bythismeans, it was hoped to keep to a minim= the effect of
varyinggas  fluupath~aroti  theblades. Ateaohoperatingpoint,
the ooolant$low through the turbine was varied from 2 to 10 gallons
per minute except at points where a low water flow would have reeulhd
in a maximum ooolant tqrature above 150° F, which, with an
appreciable f&&or of safety, had been estimated to be the maximum
safe temperature for water leaving the turbine.

After each lo-hour period of operation, the turbine-exhaust
hood was removed ani the turbine blades examined for evidewe of
oxidation, ero8ion, or other tepee of deterioration. on most of
these ooossions,thediekwas  removed-the shaft&the ooolant
passages were checked for aooumulations of eolids from the cooling
water.

Statio Heat-Wansfer Rig

The variation of blade-metal temperature with inlet gas tempera-
ture at four points on the blade for a cooling-water flow rate of
0.30 gallon per minute ie ehown in figure 1. The highest blade-
metal temperature reached was about 360' F with an inlet gas tem-
perature of 1925O P. Themaximumtqerature occurredonthe
concave side of the blade even though the &as flow was direoted
over the convex aide of the blade a8 ehuun.

Reasonable agreement exi8tB betweenthe oalc!ulatedblade-metal
tqeratures reported in reference 3 a& those obtained in the
static heat-transfer teats when differences in the arrangement of
cooling paeeagee,  blade size ti ehape, ti &a8 density and velo=
oity are ooneidered.
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The various speeds and t~raturee over whiah the turbine was
operated are lieted in table I. The temperature8 listed are as read
from a triple-shielded oInxmel-alumel  thermooouple. These tempera-
tures were not allowed to exoeed 2100° F because psrks  of the hot-
WE ByBtfSU  - et&or vanes, burners, and inlet duote - were inadequate
for highertersperaturee andnot beoauee theturbinewheel imposed
any limitation.

The ooolant left the turbine with a high velocity; therefore,
the ooolant dleoharge temperature as measured included the velocity
energy-recovery faotor a&the actual ooolanttemperature inthe
turbine wheel was always lees than the measured  discharge tempera-
ture, which was kept below 150° F. Becauee a factor of safety had
been in&tied in the oaluulationthat set 150° F as the maximum
water outlet temperature a& beoause the water in the turbine newer
aatually reached this temperature, it is probable that an excessive
ooolant flow was u8ed at all the points at whioh this turbine has
been operated. At no operating point were more than 5 gallons of
water per minute required to cool the turbine.

Owing to the tendency of all metals to yield slowly tier load
at high temperatures, it is possible Fran dimen8iopdL lnspeotion
plus a knowledge of material propertiee to show that the turbine-
blade temperatures did not exceed 350° F over any appreciable area.
Further substantiation In the last few runs was obtained by the
inetallation  of six thermocouple8 on the bladee. With a turbine
speed of 5000 rpm and an inlet &as temperature of 2100° F, the
maximumblade-metal temperature  indioatedwae 264'Batthe
blade leading edgerudalltheblade-me~lt~eraturee  indicated
were between this temperature and 180° F. The blade-metal tem-
peratures  measured  on the turbine blades are eeeentially  in agree-
ment with thoee measured  in the static heat-transfer rig in that
they are of about the same magnitude.

F

d

Rwen though this turbine wa8 operated for a total of 92 hours
and for more than 30 hours at temperatures between 1600' F and
2100° F, no evldenoe of oxidation, erosion, or blade elongation
indicated that anymore thana 8maI.l part of the turbine ‘8 tmelhl
life YELB OOlmxaetL The only apparent effect of hot gaeee on the
turbine blades was the acoumulation of a light ooatlng of carbon
on the blade surfsees. The uarbon depOBit W88 B- t0 SOOt ad
tended to burn off at high gas temperatures.
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From the oooling-water  flow ktes required, the blade-metal tem-
peraturee obtained, a& the condition of the blades after completion
of the present operating program, it appears probable that the turbine
wheel could be operated at higher inlet gas temperatures than 2100° F.

The meohanicalmeth&  of sealing the ends of the uoolant ho168
with screwed-in plugs appears to be practioal inasmuch as no leak8
developed around any of the 300 plugs even though oalculated pree-
sure8 Of 3400 pOti8 per 8qU?uW inohwere indicated at the plugged
surfaces.

There was little evidence of any tendency by the turbine to oen-
trifuge Solid8 out of the oooling water ard no trouble was encountered
in operation frathie cau8e even though the water was not reCirCulated
and OOntaiIled OVer 200 perrt8  per miniOn Of total SOlidS, at least
4 percent of which was urxIissolved.

At low speed8 andtemperatures, a small doughnut-like ring of
dirt was deposited arourxl each radfal hole in the annul118 Into which
the holes in the traUing edge of the blade diECharged. At high
speeds and temperatures, -rings of dirt formedarotiallthe
radial holes. Water having the radial holes would lOBe mOBt Of it8
velocity and would tend to deposit any BUBJ@nded dirt I?POund the
holes. Thu8 it appears that COIXVeCtion ~IZrI?eI&3  were SUperimpOSed
upon the forced-flow pattern at high apeed adi. teapratU??es.

Frcm an investigation of a single liquid-oooled aluminum-alloy
blade in a static heat-tranefer rfg anb an inveat~tion  of a
liquid-cooled turbine with aluminum-alloy blade8 and disk, the
fol+wing results yere obtained:

1. A reasonable verification of previou8 theoretical wee8
was obtained f'rom the inveddgation of the single alrrminum-alloy
blade.

2. Although the turbid was operated far a total of 92 hours
with inlet g%s temperatures ae high as 2100° F, at a speed of
19,000 rEgnthere was no appreciable oxidation or erosion of the
blade surfaces. It was estirpated that the blade-metal temprature
did not exceed 350' F over any appreciable CrOBB-BeotiOlllsl  area Of
the blade a8 indicated by the abeenoe of blade elon&ion during
the period of operation and by later operationwith thermocouples ,
on the turbine blades.
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3. The turbine wheel oould not be operated with inlet &as tem-
peratures higherthan21CC°Fbecau8e ofthedanger ofdans@ngthe
UnooOled StatOr vanes, burners, anb inlet ducts.

4. The distribution of a moderate amount of sediment indioated
the BriBteme  Of OOIWeotiOn CruTeIItS in the OoOkN&i BUpBrl?EpOBed  on
the foru&-flu pattern. Dikt was not centiifuged out of the ooolant
to an extent suffiolent to intsrfsre with the cooling prooess even
though the cooling water was not reofroulated.

The results of this investigation show that nonstrategic material
such as aluminum alloy can be used in liquid-cooled turbine Wheel8
Operating at high gas tmpt3ratmB.

Flight Propulsion Reeearoh Laboratory,
National Advisory CcnWttee for A-utice,

Cleveland, Ohio-
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met gse t’mperature thedne epeea -t- Tcbllpllnipgtut9
m (ml b-1 b-1 (*I b-4
800 8,ooo 1 50 1 '50

8,W 3 15
10,000 2 50
=,m 2 30
=,,m 55
14,000 1 35

ll 5

l200 8,W 1 25
10,000 1 30
=,m 40
=,m 1 5
14,ooo 2 35
16,000 15

8 20

1400 %C@O 15
10,cmo 50

*am=,m 1 2:
14,ooo 35
16,000 45
18,000 2 5

5 55

1600 ALE 1

lS;WO
4z

2 40
~,~ 3 45
u,'=) 15

9 20

1600 8,OOCJ 9 30
14,ooo 5
16,000 1 20
=,m 1 10
=,m 30

17 30

2ooo 1x3 130

19;uoo 40 20
2 30

2100 5,m 1 1

aeoO-16W 5,ooo-l9,oou 34 30 34 30

Totultinrs ofopratlonatinlet &se temperatures 92
abcve 6W" B

+zpration while oheom a68oolatea  eqtiprmt aIBl  ipetraments.
T
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Figure I. - Temperature distribution of water-cooled aluminum turbine blade in-
stalled in static heat-transfer rig. Coolant flow, 0.30 gallon per minute.
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Figure  2. - !lhtrMm  wheel  shaving  blade’
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BigaIm 3. -Turbimwlmelvithinta~bla&a.
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